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Asphalt oxidative ageing and excessive hardening are known causes of premature pavement
cracking. Asphalt ageing occurs mainly due to the oxidation of certain functional groups in
asphalt as well as the loss of the maltene phase disturbing colloidal stability and increasing
micellisation concentration. This in turn can cause large non-soluble asphaltene aggregates
which are typically suspended in the maltene solution and are stabilised by resin molecules to
ﬂocculate. Flocculation can cause the asphalt to become stiﬀer and more brittle. It should be
noted that excessive hardening and brittleness of asphalt caused by oxidation during pavement
production and service life increase the susceptibility of asphalt pavements to cracking. There-
fore, reducing the extent of asphalt oxidation could increase pavement service life. Therefore,
it is imperative to reduce/delay asphalt oxidation in asphalt binder. There have been several
studies on delaying asphalt oxidation by introducing modiﬁers and anti-ageing additives. Fur-
fural, an organic compound derived from a variety of agricultural by-products, has been shown
to be a promising modiﬁer for petroleum asphalt binders used in asphalt pavement. Accord-
ingly, this paper investigates the eﬀect of introducing furfural as an antioxidant for asphalt by
evaluating the extent of oxidation ageing in asphalt specimens modiﬁed by 1%, 2% and 5%
furfural. To do so, furfural was introduced to asphalt and the level of change in physiochemi-
cal and rheological properties of asphalt after specimens were exposed to short- and long-term
ageing was examined. Accordingly, performance characteristics of the base asphalt were com-
pared with those of furfural-modiﬁed asphalts using a rotational viscometer, Fourier transform
infrared spectroscopy and a dynamic shear rheometer to evaluate the rheological properties of
asphalt modiﬁed with furfural at diﬀerent percentages. The study results showed that the addi-
tion of furfural helped reduce the extent of oxidative ageing while enhancing high-temperature
performance of asphalt binder. Speciﬁcally, it was found that the 2% furfural modiﬁcation had
the lowest ageing index after ageing, indicating an improvement in binder oxidative ageing.
Keywords: furfural; ageing; asphalt; oxidation; pavement performance; modiﬁer
1. Introduction
Depleting crude oil resources and the need for petroleum-based asphalt resources have led to
the research for alternative ways of acquiring chemicals and bio-additives to improve asphalt
properties; such additives are typically made from residues from agriculture, forestry and related
industries, as well as the biodegradable fraction of industrial and municipal waste (Malinowski
& Wardzinka, 2012; Tong, Ma, & Li, 2010; Xu et al., 2011). In conjunction with such eﬀorts,
the United States Departments of Transportation (US DOT) have also promoted sustainable
*Corresponding author. Email: eﬁni@ncat.edu
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asphalt and pavement practices. Implementation of sustainable asphalt production practices such
as application of warm-mix technologies reduces carbon emissions and fuel consumption during
construction while reducing asphalt ageing. Oxidative ageing is the irreversible chemical reaction
of atmospheric oxygen with asphalt. Oxidative ageing occurs throughout the life of an asphalt
pavement – during mixing, ﬁeld placement and service life (Lau, Lunsford, Glover, Davison, &
Bullin, 1992). It has been reported that high temperature, accessible voids, oxygen replenishment
and its diﬀusion rate as well as propensity of asphalt components to oxidation control the extent
of oxidation ageing in asphalt (Al-Azri et al., 2006). Regardless of the source of oxidation, this
phenomenon causes asphalt binder to become stiﬀer, more brittle and prone to distresses referred
to as age hardening (Bahia & Swiertz, 2011).
Asphalt ageing is a major factor aﬀecting the durability of asphalt pavements (Bell, 1989; Woo
et al., 2007). Excessive age hardening of the asphalt binder from oxidation during construction
or later during its service life has been correlated to pavement distresses (Woo et al., 2007).
Specially, excessive oxidation during hot-mix asphalt production causes the resulting asphalt
pavements to be susceptible to cracking. Cracked pavements allow water to percolate into the
pavement structure to weaken the pavement base and hasten pavement deterioration (Bahia &
Swiertz, 2011). Thus, reduction of oxidative hardening could lead to longer lasting pavements,
leading to substantial savings in pavement life cycle.
While there have been several studies on the eﬀects of introduction of various additives and
modiﬁers to asphalt binders, the complex nature of oxidative ageing has made it diﬃcult to
alleviate the aforementioned problems (Finn, 1967; Roberts, Kandhal, Brown, Lee, & Kennedy,
1996). Therefore, there is a need for fundamental understanding of oxidative ageing mechanisms
as well as the interaction between the modiﬁer and asphalt components in the presence of oxygen
at high temperature. In addition, it is important to evaluate other potential additives and modiﬁers
in order to determine the merits of their application while conducting a comparative study. Prior
research by Apeagyei (2011) and Apeagyei, Buttlar, and Dempsey (2010) showed that combi-
nations of dilauryl thiodipropionate (DLTDP) and furfural with a catalyst were highly eﬀective
in reducing asphalt oxidative ageing. In addition, it has been shown that furfural can be used to
enhance surface reactivity of rubber particles in crumb rubber-modiﬁed asphalt (Shatanawi, Biro,
Geiger, & Amirkhanian, 2012). Furthermore, studies show that furfural is a promising activation
agent to improve the rheological properties of asphalt binders (Memon, Boone, & Chollar, 1995,
Shashidhar, Needham, & Chollar, 1995). Considering the promising role of furfural on reducing
asphalt oxidative ageing, there is a need for a comprehensive physiochemical and rheological
evaluation of asphalt modiﬁed with furfural.
Therefore, this paper investigates the changes in performance characteristics of a control
asphalt binder (PG 64-22) modiﬁed by various percentages (1%, 2% and 5%) of furfural while
examining the changes in the chemical structure of the asphalt after modiﬁcation. The perfor-
mance characterisation involves determination of temperature susceptibility, shear susceptibility
(SS) as well as rheology ageing index via measuring viscosity; complex shear modulus and
phase angle. The study of chemical structure includes determination of carbonyl, ketones and
sulphoxide. The ratio of ketones to sulphoxides is highly dependent on oxygen concentration,
temperature and sulfur content. Accordingly, in this paper formation of carbonyl (C=O) band at
1600 cm−1, ketones (C=O) band at 1680 cm−1, sulphoxide (S=O) band at 1060 cm−1 as well as
saturated (C–C) band at 1455 cm−1 was studied.
2. Background
Asphalt ageing is deﬁned as the change in physical and rheological properties of asphalt due to
the changes in its chemical composition as oxygen interacts with asphalt components. Pavement
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Road Materials and Pavement Design 3
damage is promoted by volatilisation of light asphalt components, oxidation during service life
as well as steric hardening (Fernández-Gómez, Quintana, & Lizcano, 2013). Among these fac-
tors, oxidation and volatilisation are generally considered as the most important factors aﬀecting
ageing in asphalt paving mixtures. An asphalt binder becomes stiﬀer and more brittle due to
oxidative ageing (Finn, 1967; Roberts et al., 1996). Therefore, asphalt physiochemical proper-
ties are altered due to oxidative ageing which negatively impacts pavement’s durability, while
causing economic loss due to premature pavement deterioration.
Laboratory experiments to determine the eﬀect of modiﬁers and additives in increasing asphalt
binder ageing resistance have been conducted by several researchers. The modiﬁed binders were
subjected to short-term and long-term ageing in the laboratory; then the eﬀects of ageing on the
modiﬁed binders were evaluated through comparison of rheological properties.
Arega, Bhasin, Motamed, and Turner (2011) reported that asphalt binder undergoes reduced
short-term ageing when combined with warm-mix asphalt additive. These results were consis-
tent with the ﬁndings reported by Kim, Lee, Amirkhanian, and Jeong (2012) who showed that
application of lower mixing and compaction temperature signiﬁcantly reduces asphalt ageing.
According to Jamshidi, Hamzah, and You (2013), reduced volatilisation and oxidation due to
lower construction temperatures result in reduced binder ageing. Furthermore, studies by other
researchers showed that application of crumb rubber reduces the rate of oxidative ageing during
laboratory short-term ageing (Ali & Sadek, 2013; Dong & Tan, 2011; Punith, Suresha, Raju,
Bose, & Veeraragavan, 2011). Yu, Feng, Zhang, and Wu (2009) studied the eﬀect of organo-
montmorillonite (OMMT) on the thermo-oxidative and ultraviolet (UV) ageing properties of
asphalt. It was shown than the viscosity ageing indexes of modiﬁed asphalt were all lower than
that of non-modiﬁed specimens, indicating that addition of OMMT reduces oxidative ageing of
asphalt (Yu et al., 2009). Huang et al. (2010) found that addition of hydrated lime slows down the
oxidative ageing process of both unmodiﬁed asphalt and poly phosphoric acid-modiﬁed asphalt
binders. Studying the eﬀect of several antioxidants on asphalt binder properties, Apeagyei (2011)
showed that combinations of DLTDP and furfural with a catalyst were eﬀective in reducing
oxidative ageing.
Huang, Claine Petersen, Robertson, and Branthaver (2002) blended hydrated lime with two
diﬀerent control asphalts and found that hydrated lime absorbed naturally occurring oxidation
catalysts, this in turn reduced asphalt’s propensity for ageing. The study of introducing electronic
waste (e-waste) powders to asphalt binder showed that such modiﬁcations typically increase
viscosity and mixing temperatures, but there is no eﬀect on ageing properties (Colbert & You,
2012).
In another study, the high-temperature storage stability and ageing properties of asphalts mod-
iﬁed with diatomite powder indicated that diatomite cannot improve the thermo-oxidative ageing
resistance of asphalt binder (Cong, Chen, & Chen, 2012). Wasiuddin, Fogle, Zaman, and O’ Rear
(2007) studied the impact of anti-strip additives on asphalt binders after it was exposed to oxida-
tive ageing and found that anti-strip eﬀectiveness is signiﬁcantly reduced after rolling thin ﬁlm
oven (RTFO) and pressure ageing vessel (PAV) ageing (Wasiuddin et al., 2007).
The merits of applying agriculture and food by-products such as dried grape pomace, lignin
and bio-binder were studied by several researchers (Calabi-Floody & Thenoux, 2012; Fini,
Al-Qadi, Zada, & Mills-Beale (2011); Fini, Kalberer, et al., 2011) and showed that some bio-
based products could be promising antioxidants. However, the level of reducing oxidation was
found to be dependent on the percentage of the antioxidant used, application temperature and
processing methods (Calabi-Floody & Thenoux, 2012; McCready & Williams, 2008). This
paper focuses on the application of furfural as another agricultural by-product to reduce asphalt
oxidation.
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3. Materials and methods
This section describes materials used in this study as well as the sources of each material and its
preparation method.
3.1. Furfural
Furfural is an organic compound derived from a variety of agricultural by-products, including
corncobs, oat, wheat bran and sawdust. It is also called 2-furancarboxaldehyde, furaldehyde,
2-furanaldehyde, 2-furfuraldehyde, fural and furfurol (Win 2005). Nearly 90% of all furfural
production takes place in China, South Africa and the Dominican Republic, with China produc-
ing 74% of the entire production; worldwide market for furfural is about 300,000 tons per year
at approximately $1800 per ton (Ong & Sashikala, 2007).
Furfural is a colourless oily liquid which quickly turns yellow upon exposure to air. Furfural
as known by the chemical formula C5H4O2 is a heterocyclic aldehyde (Hoydonckx, Van Rhijn,
Van Rhijn, De Vos, & Jacobs, 2007; Ong & Sashikala, 2007; Win, 2005). It is represented by the
ring structure and spectra shown in Figure 1.
Furfural participates in the same kinds of chemical reactions as other aldehydes and aromatic
compounds (Malinowski & Wardzinka, 2012). According to Apeagyei et al. (2010), aldehydes
are capable of lowering oxidative ageing of various materials. They reported that aromatic phe-
nols present in asphalt binders undergo a chemical reaction with furfural (Apeagyei et al., 2010).
Further studies attribute this chemical reaction to the carbonyl group (C=O) found in aldehydes
and many other organic functional groups. Studies of the Fourier transform infrared spectra of
furfural produced from rice husk showed a very strong absorption around wavenumber of 1600
cm−1, indicating the presence of the conjugated carbonyl (C=O) group. The presence of the alde-
hyde was proven by two peaks attained at 3019 cm−1 and 2881 cm−1 and C=O band at 1714.46
cm−1 in furfural produced from rice husk (Ong & Sashikala, 2007). Carbonyl compounds are
polar and contain a dipole along the carbon–oxygen double bond. This creates attractive forces
between carbonyl compounds, but these attractions are not as strong as those in hydrogen bond-
ing. Adams and Voorhees (1921) illustrated a laboratory production of furfural from corncob,
while Ong and Sashikala (2007) studied furfural synthesis from rice husks using reﬂux with
dilute sulphuric acid. The properties of the furfural used in this study are listed in Table 1.
Figure 1. Furfural’s (a) chemical structure and (b) asphalt spectra.
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Road Materials and Pavement Design 5
Table 1. Properties of furfural.
Physical property Value
Molecular weight (g mol−1) 96.08
Boiling Point (°C) 162
Density at 25°C (g cm−3) 1.16
Table 2. Summary of experimental design.
No Test Code
1 Base binder Control
2 Base binder + 1% furfural FMA-1%
3 Base binder + 2% furfural FMA-2%
4 Base binder + 5% furfural FMA-5%
3.2. Materials and sample preparation
In order to investigate the eﬀect of incorporation of furfural on the asphalt binder properties,
furfural was added to 100 g of control asphalt binder. The control asphalt binder used in this study
was PG64-22 provided by Asphalt Associate Inc. (Greensboro, NC, USA). To do so, furfural
was blended with the base binder (PG 64-22) at 1%, 2% and 5% by weight of the base binder.
The binder was mixed thoroughly with furfural at a shear rate of 800 rpm for 30 min, while
the temperature was kept constant at 135°C. The furfural (2-furaldehyde) used in this study
was provided by Sigma-Aldrich Co. LLC (St. Louis, MO, USA). Table 2 shows the modiﬁed
specimens and their acronyms. Each of the modiﬁed asphalts was then exposed to two diﬀerent
ageing scenarios to simulate short- and long-term ageing; short-term ageing was conducted using
a RTFO and long-term ageing was conducted utilising PAV. The extent of change in rheological
and chemical properties of each specimen before and after each ageing process was studied.
3.3. Ageing procedure
Ageing of the binders was performed using RTFO according to ASTM D2872. The RTFO test
was carried out at a temperature of 163°C for a period of 85 min to simulate the short-term
ageing that occurs in asphalt binder during mixing and compaction (Bahia, Hislop, Zhai, &
Rangel, 1998).
The PAV simulates in-service ageing of asphalt binder that may occur during seven to ten
years (Bahia & Anderson, 1995). In this test, the asphalt binder is exposed to high pressure
and temperature for 20 h to simulate the eﬀect of long-term oxidative ageing (PAV) according
to ASTM D6521. In this study, 50 g of each RTFO-aged sample is placed in the PAV at 2.1
MPa air pressure at 100°C for 20 h. At the end of the ageing period, each sample was scraped
into diﬀerent containers and placed in a vacuum oven at a temperature of 170°C for 30 min to
remove entrapped air from the samples.
3.4. Viscosity measurements
A series of viscosity measurements were conducted on all three modiﬁed binders. Shearing was
applied using spindle SC4-27 at a speed of 5, 10, 20, 25, 50 and 100 rpm. Viscosity measurement
was conducted using Brookﬁeld Viscometer (ASTM D4402). In this test, viscosity, torque and
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6 E.H. Fini et al.
shear stress are determined while applying a rotational shear on the specimens. To prepare spec-
imens, 10.5 g of each sample was poured into aluminium chambers. The chambers were then
placed into a preheated thermosel to reach thermal equilibrium. The thermosel was preheated at
its designated temperature for at least 20 min. Samples and the spindle were preheated in an oven
for 30 min before being placed into the aluminium chamber in the thermosel. After loading the
sample, an additional 20 min waiting time was used to ensure thermal equilibrium. Three repli-
cates were used for each test and the average of the three values was recorded as the viscosity at
the speciﬁed temperature and speed.
3.5. Temperature susceptibility
Temperature susceptibility is a measure of how fast the properties of the binder change with
temperature (Claudy, Létoﬀé, Martin, & Planche, 1998). Thus, if a sample of binder has a high
susceptibility to temperature, its viscosity changes rapidly as the temperature changes. Asphalt
binders with high-temperature susceptibility are not desirable since they are prone to thermal
and UV oxidation (Firoozifar, Foroutan, & Foroutan, 2011). The following equation has been
commonly used to calculate the viscosity–temperature susceptibility (VTS) (Rasmussen, Lytton,
& Chang, 2002).
VTS = log log(ηT2) − log log(ηT1)
log(T2) − log(T1) , (1)
where T1 and T2 are the temperatures of the binder at known points (in degrees Rankine) and
ηT1 and ηT2 are the respective viscosities of the binder at known points (cP).
The magnitude of the VTS is directly proportional to the temperature susceptibility of the
binder (Rasmussen et al., 2002). In one study, the VTS values were reported to range from
−3.35 to −3.84 (US DOT 2011), which is almost consistent with values of −3.36 to −3.98
reported by (Puzinauskas, 1967; Rasmussen et al., 2002).
3.6. Shear susceptibility
Shear susceptibility is the rate of change in viscosity with the shear rate (Roberts et al., 1996).
The SS, also known as the shear index, is determined by calculating the slope of the line formed
by a log of shear rate versus the log viscosity graph by using the following equation (Raouf &
Williams 2010). Shear susceptibility as calculated in Equation (2) is a commonly used indicator
which is shown to be correlated with the extent of ageing (Fini, Oldham, & Abu-Lebdeh, 2013).
SS = log(Viscosity)
log(Shear rate)
. (2)
3.7. Dynamic shear rheometer (DSR) characterisation
The DSR is used to evaluate the elastic and viscous behaviour of asphalt (it should be noted that
the test method employs only a small strain measurement within the linear viscoelastic region of
the binder) through tracking the shear stress and shear strain while applying a speciﬁed oscilla-
tion rate; an oscillation rate of 10 rad s−1 is typically used to represent the shearing action caused
by a traﬃc speed of 90 km/h. Unaged and aged binder samples were tested in a DSR in accor-
dance with the ASTM D7175 procedure. The complex shear modulus, G*, and the phase angle,
δ, at various temperatures and loading frequencies were measured. The complex modulus is a
measure of total resistance of the binder to deformation when repeatedly sheared, and the phase
angle is the lag between the applied shear stress and the resulting shear strain. Superpave uses
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Road Materials and Pavement Design 7
the parameter G*/sin δ as a measure of resistance to rutting at high pavement temperatures. At
high temperatures, rutting resistance increases as G*/sin δ increases. The asphalt binder with the
highest G*/sin δ should have the most resistance to rutting.
3.8. Ageing index
To quantify the eﬀect of ageing on viscosity, an ageing index was calculated based on the change
in the viscosity before and after ageing. The viscosity ageing index (VAI) is deﬁned as the ratio
of the change in viscosity due to ageing divided by unaged viscosity (Zhang, Yu, & Wu, 2012).
VAI = Aged viscosity value − Unaged viscosity value
Unaged viscosity value
× 100. (3)
Furthermore, another ageing index was calculated based on the change in the complex modulus
and phase angle for aged and unaged samples. The data were collected at 64°C and 10 rad s−1,
and the RAI is deﬁned using Equation (5).
RAI = G
∗
Aged
G∗Unaged
exp(δAged − δUnaged), (4)
where G∗Unaged and G
∗
Aged are the complex modulus of the samples at unaged and aged statues,
respectively, and δUnaged and δAged are phase angles of the samples before and after ageing.
3.9. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) is an important technique used to identify the
presence of certain functional groups in a medium. Functional groups are responsible for dif-
ferent properties of a compound. In this study, the Thermo Scientiﬁc Nicolet iS10 set-up was
used to record the FTIR spectra. The set-up measures absorbance versus wavelength (cm−1) for
each sample tested. The apparent peaks that develop at each wavelength represent the absorbed
frequencies corresponding to diﬀerent functional groups in the sample (Bowers, 2013).
The carbonyl (C=O) bond found at the 1600 cm−1 peak and the sulphoxide (S–O) band found
at the 1030 cm−1 peak are typically tracked in FTIR spectra analysis with respect to oxidative
ageing. It has been reported that the carbonyl (C=O) bond shows a consistent increase during
oxidation in asphalt binder. The increase is due to the presence of oxygen causing maltenes
to become asphaltenes in asphalt binder (Liu, Ferry, Davison, Glover, & Bullin, 1998; Lu and
Isacsson, 2002). Within a binder of the same source and grade, Negulescu et al. (2006) found
that the saturated C–C bond at approximately 1455 cm−1 was relatively constant before and after
ageing. A chemical ageing index (CAI), which is the ratio of the area under the carbonyl (C=O)
peak at 1600 cm−1 divided by the area under the saturated C–C band at 1455 cm−1 (Bowers,
Huang, & Shu, 2014; Bowers, Huang, Shu, & Miller, 2014; Jia, Huang, Bowers, & Zhao, 2014;
Negulescu et al., 2006), was developed as shown in Equation (5).
CAI = Area of carbonyl ( C = O) band ∼ 1600 cm
−1
Area of saturated C − C stretch band at ∼ 1455 cm−1 × 100. (5)
An increase in the CAI corresponds to an increase in the area of the carbonyl group, which indi-
cates an increase in oxidation. An increase in oxidation is correlated to an increase in viscosity
(Huang & Grimes, 2010).
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8 E.H. Fini et al.
4. Experimental results and data analysis
4.1. Viscosity measurement
The viscosity results for all three modiﬁed samples are shown in Figure 2. It can be observed that
the introduction of furfural leads to the increase in viscosity of the control asphalt binder, except
for 5% furfural which led to the reduction of viscosity. The lowest increment in viscosity value
compared to the control asphalt was found to be 6% at 135°C which occurred with the addition
of 2% furfural to the control asphalt. This was when viscosity reduction due to the addition of
5% furfural was 10% compared to the control binder. The largest reduction in viscosity value
with the addition of 5% furfural was about 11% at 105°C.
As mentioned earlier, to compare the susceptibility of the modiﬁed samples to ageing, each
specimen was ﬁrst aged using the RTFO ageing method (ASTM D2872) and then PAV aged
(ASTM D6521). The viscosity of each specimen was then measured after each ageing phase and
compared with those of unaged specimens. The results of viscosity measurement for all RTFO-
and PAV-aged samples are given in Figures 3 and 4, respectively.
As it can be seen for all RTFO-aged samples, viscosity values increased in comparison to
the unaged specimens. It can be further observed that all modiﬁed samples had viscosity values
Figure 2. Viscosity results for all unaged samples.
Figure 3. Viscosity results for all RTFO-aged samples.
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Road Materials and Pavement Design 9
Figure 4. Viscosity results for all PAV-aged samples.
Figure 5. Shear susceptibility for all unaged samples at 135°C.
greater than that of the aged control asphalt. The only exception was 2% and 5% furfural RTFO-
aged samples which had slightly lower values than that of the RTFO-aged control binder. This
trend was seen at 135°C and 150°C.
Furthermore, comparing PAV-aged control asphalt with PAV-aged furfural-modiﬁed samples,
it can be seen that all modiﬁed samples showed increase in viscosity values (Figure 4). The only
exception was 2% and 5% furfural PAV-aged samples which had slightly lower values than that
of the PAV-aged control binder at 135°C and 150°C. This is similar to the trend observed with
RTFO-aged samples. The largest reduction in viscosity value with the addition of 5% furfural
was around 4% which was observed at 150°C. In addition, 5% furfural-modiﬁed asphalt also
showed a small increase in viscosity of 1% and 2.5% at 105°C and 120°C, respectively. Overall,
with the increase in the furfural percentage above 1% in the control asphalt, the rotational viscos-
ity decreased after RTFO ageing. It was also observed that the diﬀerence between the viscosity
values of the furfural-modiﬁed binders becomes less signiﬁcant at high temperatures.
To investigate the SS of each binder, the SS values were calculated using Equation (2) before
and after ageing. The results were plotted for all furfural-modiﬁed samples and control binder at
120°C, 135°C and 150°C in logarithmic scale. Figures 5 and 6 show the SS plots for unaged and
PAV-aged samples at 135°C, respectively. The SS of the samples was higher at 120°C than at
135°C and 150°C. Also, SS values were higher for the aged samples than the unaged at all tem-
peratures. In addition, the 5% furfural-modiﬁed sample displayed less susceptibility to shear than
all other samples. This was more evident when comparing samples before ageing and after long-
term ageing (Figure 5), in which asphalt containing 5% furfural showed a signiﬁcantly lower
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Figure 6. Shear susceptibility for PAV-aged samples at 135°C.
susceptibility to shear than those containing 1% and 2% furfural, respectively. The reduction of
SS could be attributed to interactions between furfural and accessible oxygen within the matrix.
Shear susceptibility is a commonly used indicator that is shown to be correlated with the
extent of ageing (Fini et al., 2013). As oxidation occurs, polarity of the asphaltene molecules
increases, while resin and saturates convert to asphaltene promoting their aggregation and ﬂoc-
culation. The presence of such ﬂocculation can lead to an increase in the SS of the matrix. It
should be noted that Petersen, Barbour, and Dorrence (1974) have documented the relative aﬃn-
ity for oxidation of asphalt components to be the highest for asphaltenes (40%), followed by
polar aromatics (32%), with naphthene aromatics and saturates showing the least reactivity of
7% and 1% to oxidation, respectively). The increased amount of asphaltene in oxidised asphalt
compared to virgin binder could further increase the propensity of asphaltene for micellisation.
At high micellisation concentration, asphaltene in the solution will self-associate, leading to ﬂoc-
culation (Priyanto, Mansoori, & Suwono, 2001). This in turn separates the asphalt matrix to two
distinguishable phases, giving rise to asphalt susceptibility to the changes in shear rate.
However, furfural having more aﬃnity for oxidation than asphalt components as well as chem-
ical reactions among aromatic phenols of asphalt binders and furfural (Apeagyei et al., 2010)
could reduce the oxidation rate of asphaltene and resin inside asphaltene micelles, reducing their
aﬃnity for ﬂocculation. These ﬁndings are shown to be in agreement with previous studies where
authors reported that introduction of certain bio-oils to asphalt binder could change the oxidation
susceptibility of the base asphalt (Fini, 2015).
Tables 3 and 4 present the modiﬁed sample results for SS, VTS and viscosity measurements at
various rotational speeds (5, 10, 20 and 25) for specimens containing various furfural percentages
(1%, 2% and 5%). Measurements were conducted at temperatures ranging from 105°C to 150°C.
Table 4 shows similar data for PAV-aged samples. Both tables show that viscosity decreases with
increasing temperature for all samples at the same shear rate.
From the viscosity temperature susceptibility values in Table 4, it was observed that increas-
ing shear rate led to a decrease in VTS values for the control and furfural-modiﬁed samples.
Furthermore, the viscosity temperature susceptibility values for aged specimens were lower for
modiﬁed samples than the control samples at each shear rate analysed, except for 5% furfural.
This demonstrates that the furfural-modiﬁed samples are less susceptible to temperature than the
control asphalt after ageing, with the 2% furfural sample showing the least susceptibility. This is
further demonstrated in Figure 7 at 5 rpm.
4.2. Dynamic rheological characterisation
Complex shear modulus master curves were plotted from DSR test data. As shown in Figure 8,
the G* of all furfural-modiﬁed binders were increased when compared to the control asphalt
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Table 3. Temperature eﬀects on various furfural-modiﬁed asphalt for unaged samples.
Shear rate (rpm)/log Viscosity (cP)
Blend T (°C) T (°R) 5RPM 10RPM 20RPM 25RPM SS
Control 105 680.7 1.47 2.95 5.92 7.41
120 707.7 1.66 3.35 6.76 8.46 − 0.055
135 734.7 1.85 3.73 7.55 9.49 − 0.085
150 761.7 2.06 4.15 8.39 10.59 − 0.099
VTS − 3.00 − 2.98 − 3.07 − 3.14
FMA-1% 105 680.7 1.44 2.89 5.79 7.24
120 707.7 1.63 3.30 6.61 8.27 − 0.030
135 734.7 1.84 3.70 7.47 9.36 − 0.051
150 761.7 2.09 4.20 8.42 10.56 − 0.037
VTS − 3.30 − 3.27 − 3.29 − 3.31
FMA-2% 105 680.7 1.43 2.88 5.78 7.23
120 707.7 1.63 3.30 6.63 8.30 − 0.050
135 734.7 1.83 3.70 7.48 9.38 − 0.069
150 761.7 2.06 4.12 8.34 10.50 − 0.067
VTS − 3.24 − 3.13 − 3.22 − 3.27
FMA-5% 105 680.7 1.49 3.00 6.01 7.52
120 707.7 1.67 3.39 6.84 8.57 − 0.060
135 734.7 1.87 3.82 7.69 9.65 − 0.077
150 761.7 2.09 4.20 8.42 10.77 − 0.090
VTS − 2.97 − 2.96 − 2.97 − 3.18
Table 4. Temperature eﬀects on various furfural-modiﬁed asphalt for PAV-aged samples.
Shear rate (rpm)/log Viscosity (cP)
Blend T (°C) T (°R) 5RPM 10RPM 20RPM 25RPM SS
Control 105 680.7 1.16 2.33 – –
120 707.7 1.34 2.69 5.38 6.72
135 734.7 1.52 3.07 6.15 7.69 − 0.031
150 761.7 1.71 3.45 6.94 8.71 − 0.053
VTS − 3.40 − 3.25 – –
FMA-1% PAV 105 680.7 1.16 2.32 – –
120 707.7 1.33 2.67 5.35 6.70
135 734.7 1.51 3.04 6.12 7.65 − 0.044
150 761.7 1.69 3.40 6.91 8.66 − 0.070
VTS − 3.36 − 3.17 – –
FMA-2% PAV 105 680.7 1.14 – – –
120 707.7 1.25 2.51 5.02 6.27
135 734.7 1.43 2.87 5.75 7.19 − 0.024
150 761.7 1.60 3.25 6.52 8.18 − 0.054
VTS − 3.01 – – –
FMA-5% PAV 105 680.7 1.16 2.33 – –
120 707.7 1.34 2.68 5.37 6.71
135 734.7 1.52 3.06 6.13 7.67 − 0.025
150 761.7 1.72 3.46 6.94 8.70 − 0.037
VTS − 3.47 − 3.29 – –
binder. At lower frequency, it was observed that 2% furfural-modiﬁed binder showed higher
G* compared to all other samples. This observation was even more evident after PAV ageing
(Figure 9).
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Figure 7. Viscosity versus temperature for all PAV-aged samples.
Figure 8. Complex shear modulus master curves for unaged samples at 64°C.
Figure 9. Complex shear modulus master curves for PAV-aged samples at 64°C.
Figure 9 shows the complex shear modulus master curve plots after PAV ageing. It is observed
that all furfural-modiﬁed binders had higher G* values compared to the control asphalt binder.
At low frequency, 2% furfural performed signiﬁcantly better by showing higher G* compared
to the control. This indicates better resistance to deformation at low frequency which would be
equivalent to traﬃc loading at high temperature and slow traﬃc. This in turn could indicate better
rutting resistance at highway intersections at which vehicles slow down and typically pavements
are more susceptible to rutting at such slow traﬃc.
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Studying the phase angle versus complex modulus diagram at 64°C for each of the speci-
mens, it can be observed that at lower frequency furfural-modiﬁed samples showed lower phase
angle compared to the control asphalt (Figure 10); however, the diﬀerence was insigniﬁcant.
At the same complex modulus, 1% and 2% furfural appear to show the least phase angle.
This trend indicates less time delay between stress and strain response, indicating more elastic
behaviour. As it can be seen in Figure 10, 1% furfural had the lowest phase angle and the high-
est complex modulus among all specimens at frequencies below 1 Hz, while it shows behaviour
similar to the control asphalt at higher frequencies. This eﬀect is further illustrated in Figure 10
which indicates that furfural-modiﬁed samples could have better rutting resistance than control
asphalt.
4.2.1. Rutting resistance
To compare various furfural-modiﬁed binders in terms of their rutting resistance, G*/sin δ was
calculated for aged specimens and plotted in Figure 11. Superpave speciﬁcation recommends a
lower limit of 2200 Pa for G*/sin δ to ensure adequate resistance to rutting is achieved. This
in turn indicates that having a higher G*/sin δ is advantageous to improve rutting resistance.
Figure 10. Complex shear modulus versus phase angle for aged samples.
Figure 11. G*/sin δ of RTFO aged samples at 64°C, 70°C and 76°C (at 1.67 Hz).
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Figure 11 illustrates the G*/sin δ for RFTO-aged samples at 64°C, 70°C and 76°C. It is shown
that with the addition of furfural into asphalt binder, the G*/sin δ increases. Additionally, it can
be seen that G*/sin δ for all furfural-modiﬁed samples were higher than that of control asphalt,
indicating potential improvement in rutting resistance. Furthermore, the specimen containing
2% furfural had the highest G*/sin δ across the three temperatures. It should be noted that all
furfural-modiﬁed binders meet the speciﬁcation limit at 64°C for which the control binder is
graded. However, they all failed at higher temperatures of 70°C and 76°C. This indicates that
even though rutting resistance is improved due to the introduction of furfural, adding furfural
up to 5% percent was not adequate to extend the binder grade by a full grade to become 70°C
from that of control binder (64°C). Further study of higher percentages of furfural modiﬁcation
could provide insights on the possibility of extending the grade. Such study should be followed
by comprehensive low temperature characterisation to ensure that furfural modiﬁcation will not
compromise low temperature properties of base asphalt.
4.3. Ageing index
4.3.1. Viscosity ageing index
To further study ageing susceptibility of each modiﬁed specimen, VAI was calculated and plotted
for all samples at three diﬀerent temperatures as shown in Figure 12. From the results, it appears
that the largest VAI was observed for the 5% furfural-modiﬁed binder at 105°C and 135°C,
indicating the highest susceptibility to ageing. Overall, the 2% furfural-modiﬁed binder showed
the least VAI values at the temperature range incorporated in this study. This in turn indicates that
asphalt modiﬁed with 2% furfural would have the least susceptibility to ageing. Accordingly, the
VAI of 2% furfural-modiﬁed binder was reduced by 23%, 18% and 35% at 120°C, 135°C and
150°C, respectively, compared to that of control asphalt.
4.3.2. Rheological ageing index
Rheology ageing index was calculated and plotted for all samples at 64°C and 1.67 Hz
(Figure 13) using Equation (4). The largest RAI value was observed for the control followed by
FMA-2%, FMA-5% and FMA-1% after RTFO ageing. As shown in Figure 13, the RAI values
of FMA-1%, FMA-2% and FMA-5% reduced by 63%, 56% and 59%, respectively, compared to
the control. After PAV ageing, the RAI values for all tested samples had almost the same value
except FMA-2%, which showed a signiﬁcantly lower value. As it can be seen, the ageing indexes
after short-term ageing is much more signiﬁcant that those after long-term ageing; this could be
attributed to the loss of majority of volatiles during short-term ageing.
Figure 12. Viscosity ageing index for diﬀerent samples at diﬀerent temperatures.
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Figure 13. Rheological ageing index results for samples at 64°C at 1.67 Hz.
(a)
(b)
Figure 14. FTIR evaluation of samples (a) showing carbonyl presence and (b) comparing peak intensities
in the carbonyl region.
4.3.3. Chemical ageing index
The FTIR results show that the introduction of furfural can improve the ageing susceptibility of
the base binder. This is evidenced by the lower carbonyl area formation in furfural-modiﬁed
specimens compared to those of non-modiﬁed specimens. It has been reported that the car-
bonyl (C=O) bond shows a consistent increase during oxidation in the asphalt binder. The
increase is due to the presence of oxygen causing maltenes to become asphaltenes in the asphalt
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Figure 15. Chemical ageing index results for both modiﬁed and non-modiﬁed samples.
binder (Liu et al., 1998; Lu & Isacsson, 2002). Thus, appearance of the C=O bond in the
FTIR spectra can be used as a reliable indicator to compare oxidative ageing behaviour in
modiﬁed and non-modiﬁed asphalts. From Figure 14(a),(b), the extent of formation of car-
bonyl bond in modiﬁed samples was lower than that in the control binder. The carbonyl peak
intensity was found to be the lowest for FMA-5%, while the control binder (without furfural)
showed the highest peak intensity, representing the most carbonyl formation at the same ageing
condition.
The CAI was calculated and plotted using Equation (6) to further demonstrate the oxidative
ageing reduction eﬀect of furfural. The index measures the area beneath the carbonyl (C=O)
group at 1600 cm−1 divided by the area beneath the saturated C–C band at 1455 cm−1 (Bowers,
Huang, & Shu, 2014; Bowers, Huang, Shu, & Miller, 2014; Jia et al., 2014; Negulescu et al.,
2006). Oxidative ageing increases the carbonyl band, while the saturated C–C band remains
relatively unchanged and unaﬀected during ageing (Bowers, 2013). Figure 15 shows the CAI
plot for all samples under diﬀerent ageing processes. At the same ageing condition, the CAI of
the control binder was found to be higher than that of furfural-modiﬁed samples. As it can be
seen in Figure 15, after RTFO ageing, furfural-modiﬁed binder shows 38% reduction in ageing
index for FMA-1%, followed by 37% for FMA-2% and 36% for FMA-5%.
After PAV ageing, CAI of FMA-1%, FMA-2% and FMA-5% decreased by 42%, 46% and
44%, respectively. These results indicate that furfural-modiﬁed samples are less susceptible to
oxidative ageing than the control, with FMA-2% showing the least susceptibility.
5. Conclusion
This paper evaluates the eﬀect of introduction of furfural on the rheological characteristics and
chemical structure of an asphalt binder. This paper presents the result of a comparative study of
an asphalt binder modiﬁed with three diﬀerent percentages of furfural (1%, 2% and 5%) before
and after they are exposed to oxidative ageing. This was done through the application of several
rheological laboratory characterisation tests, resulting in the following conclusions:
• Study of viscosity results for aged specimens showed that ageing leads to continuous
increase in viscosity value. However, the extent of increase in viscosity was found to be
less for modiﬁed specimens, with FMA-5% showing the least viscosity value among all
samples.
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• The VTS values show that the furfural-modiﬁed samples have lower slopes than the con-
trol binder, indicating that the temperature susceptibility of the binder was reduced due to
modiﬁcation with furfural.
• The SS of furfural-modiﬁed samples was found to be signiﬁcantly lower than the control
asphalt after ageing. This can be attributed to the reduced extent of ﬂocculation due to
the presence of furfural. Due to furfural having more aﬃnity for oxidation than asphalt
components as well as the chemical reactions among aromatic phenols of asphalt binders
and furfural, the presence of furfural could lead to the reduction of asphaltene and resin
oxidation within the micelles structures and reduce the extent of their ﬂocculation.
• Study of VAI showed that specimens containing 2% furfural are most resistant to ageing.
The VAI value for FMA-2% was found to be still 18% lower than that of control asphalt
even after being exposed to long-term ageing.
• The RAI after RTFO ageing showed that furfural-modiﬁed samples were more resistant to
ageing. The RAI decreased by 63% for FMA-1%, 56% for FMA-2% and 59% for FMA-
5% after RTFO ageing. After PAV ageing, RAI values of all tested samples were almost the
same except for FMA-2%, which was 49% lower than the control asphalt, indicating that
FMA-2% shows the least susceptibility to oxidative ageing even after long-term ageing.
• Study of chemical functional groups, speciﬁcally the formation of carbonyl (C=O) at 1600
cm−1, as well as calculation of the CAI showed that furfural-modiﬁed samples have bet-
ter resistance to oxidative ageing. After PAV ageing, CAI of FMA-1%, FMA-2% and
FMA-5% decreased by 42%, 46% and 44%, respectively. It should be noted that FMA-2%
showed the least susceptibility to oxidative ageing after PAV ageing.
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